Background: It has previously been observed that the insulin-producing cells of human pancreatic islets are more resistant to alloxan-, streptozotocin-, nitroprusside-, or cytokine-induced injury than those of mouse and rat islets. Materials and Methods: Human pancreatic islets were obtained from heart-beating organ donors. The expression of the stress proteins heat shock protein 70 (hsp7o) and heme oxygenase and the anti-apoptosis gene bcl-2 was determined in isolated rat, mouse, and human islets, either cultured in vitro or transplanted under the kidney capsule of nude mice, using immunoblot analysis. Rat and human islet sensitivity to hydrogen peroxide was assessed by glucose oxidation measurements. Isolated islets were also analyzed for their catalase and superoxide dismutase activities, and the islet cell levels of reduced glutathione were determined in response to hydrogen peroxide and nitroprusside. Programmed cell
death in human and rat islets in response to streptozotocin was evaluated using TUNEL staining. Results: Cultured human islets expressed higher contents of hsp7O than mouse and rat islets at basal conditions. Also after 4 weeks under the kidney capsule of normoglycemic mice, the hsp7o levels were higher in human islets than in rat islets. The expression of another stress protein, heme oxygenase (HO), was strongly increased in cultured rat islets, but was not affected in human islets. Expression of the bcl-2 gene could not be detected in human islets. In spite of this, 0.5 mM streptozotocin induced apotosis in rat but not in human islet cells. Hydrogen peroxide (0.1 and 0.4 mM) decreased glucose oxidation rates in rat but not in human islets. The levels of reduced glutathione were moderately decreased in human and rat islet cells and sharply de- creased in mouse islet cells in response to hydrogen peroxide. Moreover, the activities of catalase and superoxide dismutase (SOD) were markedly lower in mouse islets than in human islets. The activity of catalase was lower in rat islets than in human islets.
Conclusion: Human islets differ clearly from mouse and rat islets in their increased expression of hsp7o, catalase, and SOD, which may explain the increased resistance of human islets to 3 cell toxins.
INTRODUCTION
The sensitivity of the pancreatic 13 cell to noxious agents may be an important determinant in the pathogenesis of insulin-dependent diabetes mel- Islets   807 litus (IDDM) (1, 2) . More specifically, it has been proposed that the clinical manifestation of IDDM is preceded by a prediabetic period characterized by a gradual loss of the 13 cell mass (3) . During this period, 13 cell death has been suggested to be accelerated by factors such as nitric oxide (NO), oxygen free radicals, alkylating substances, viruses, and cytokines (3, 4) . We have recently observed major species differences between human and rodent pancreatic islets in the susceptibility to some of these agents, both in vitro and in vivo (2, 5) . Thus, human islets displayed a lower sensitivity to a combination of cytokines (interleukin-13 [IL-1,] + tumor necrosis factor a [TNFa] + interferon-,y, an NO donor (nitroprusside), an alkylating agent (streptozotocin), and an oxygen free radical generator (alloxan) than mouse and rat islets (2, 5) . These results implied that interand intraspecies variation in 13 cell resistance to various toxins may affect the progression of 13 cell destruction in IDDM (1, 2) .
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In order to further clarify these interspecies differences, we have presently chosen to study two major lines of cellular defense: the expression of the stress proteins heat shock protein 70 (hsp7O) and heme oxygenase (HO) on one hand, and of the antioxidant enzymes catalase and superoxide dismutase (SOD) on the other. Hsp7O is induced by a multitude of stressful situations and is known to rescue cells from misfolding of proteins (6) . In a previous study, we observed that intracellular delivery of hsp70 protected rat islets against IL-1,3-induced inhibition of 13 cell function (7) . Both hsp70 and HO are induced in 13 cells by IL-,B and may therefore exert protective actions (8) (9) (10) . Reduced glutathione (GSH) and the antioxidant enzymes SOD and catalase constitute not only the main cellular defence against oxygen free radicals, but also protect against other noxious chemicals and reactive intermediates (11) . It has previously been proposed that rodent 13 cells express low levels of antioxidant enzymes and are therefore particularly vulnerable to oxidative stress (12, 13) . In the present study, we have found species-specific differences in these two major defense systems, which may explain the lower sensitivity to 13 cell damage previously observed in human islets.
MATERIALS AND METHODS
Islet Isolation and Culture Thirty-three human pancreata were excised from heart-beating organ donors, transported to the Central Unit of the 13 Cell Transplant, Brussels, where islets were isolated as previously described (14) . The age of the donors was 32 + 3 years (mean + SEM; range: 7-64 years). Aliquots of the islet-enriched fraction were examined by electron microscopy (n = 33), revealing 4.4 + 0.5% dead cells and 1.6 ± 0.5% acinar cells in the preparations. The prevalence of insulin-and glucagon-positive cells was evaluated by light microscopical examination of immunocytochemically stained cells (15) , indicating 54 ± 2% insulin-positive cells and 10 + 1 % glucagonpositive cells. The islet insulin content was 1.52 ± 0.10 ng insulin/ng DNA.
After isolation, the human islets were cultured in Ham's F-10 medium containing 6.1 mM glucose and 0.5% (w/v) bovine serum albumin. After 2-9 days (4.5 ± 0.3 days) the islets were sent by air to Uppsala, where they were cultured free-floating in groups of 150-200 islets/dish in RPMI 1640 medium containing 5.6 mM glucose and 10% (v/v) fetal calf serum (FCS), with medium change every 2 days (for details on human islet transport and culture see Ref. 14) . Rat islets were isolated from male Sprague-Dawley rats (local Uppsala colony), and were cultured in a similar way (16) except for the presence of 11 mM glucose in the RPMI 1640 medium (16, 17) . Isolated mouse islets were obtained from NMRI mice (B&K Universal, Sollentuna, Sweden) and were cultured as the rat islets. We have previously shown that functional preservation in RPMI 1640 medium is optimal at 5.6 mM glucose for human islets (14) and at 11 mM glucose for rodent islets (16, 17) . In some experiments human islets were cultured in RPMI 1640 supplemented with 1 or 10% FCS, 5.6 or 11 mM glucose, or in Ham's F-10 or Parker 199 media supplemented with 10% FCS.
Immunoblot Analysis of hsp7O and HO Groups of 100 mouse, rat, or human islets were taken directly from different culture conditions or incubated for 30 min at 37 or 42°C and then cultured for an additional 6 hr at 370C. The islets were then washed in cold PBS, pelleted, and briefly sonicated in 100 ,ul cold TE (10 mM Tris, 1 mM EDTA). An aliquot was taken for total protein content determination according to Bradford (18) , and the remaining sample was precipitated with three volumes of cold acetone. After centrifugation (5 (20) . Protein concentration was determined according to Bradford (18) 16 .7 mM nonradioactive glucose and the same concentration of hydrogen peroxide as present during the initial 2 hr. Rates of -glucose oxidation were then determined as previously described (14) .
Spectrofluorometic Determination of GSH Rat, mouse, and human islets, in groups of 500, were enzymatically digested for 5-10 min at 370C in PBS containing 0.05% trypsin + 0.02% EDTA. The cell suspensions were then washed and resuspended in Krebs-Ringer bicarbonate buffer containing 10 mM HEPES, 5.6 mM glucose, 2 mg/ml BSA, and 40 ,uM , and rat RINm-5F cells (Lanes E and F). Two (Lanes A, C, and E) and 10 ng (Lanes B, D, and F) of the purified hsp7o were run on a SDS-polyacrylamide gel, blotted onto nitrocellulose, and incubated with antihsp7o antibodies (19) . Binding was quantified using ECL and fluorography.
were developed in 3-amino-9-ethylcarbazole solution (10 mg/50 ml 20 mM NaAc, pH 5.2 + 6 ml DMSO) for 10 min at room temperature, washed in water, and cover slips were applied in aqueous medium. heat-shocked human islets compared with mouse and rat islets cultured for 5-8 days (Fig. 2) . After heat-shock, hsp70 was strongly induced in rat and mouse islets, thereby reaching the levels of human islets (Fig. 2) (Fig. 3) . U-266-70 cells, which are known to express high levels of bcl-2 (26) , were used as a positive control.
RESULTS

Recognition of Rat
Expression of hsp7O in Rat and Mouse Islets After Collagenase Isolation Directly after the collagenase isolation procedure, only low levels of hsp70 were expressed in rat and mouse islets (Fig. 4) . After 1 and 3 days in culture, however, there was a moderate induction of hsp7o in both types of islets. The hsp70 levels had returned to basal on Day 7 of culture in mouse islets, and to some extent also in rat islets (Fig. 4) .
Levels of hsp70 and HO in Rat and
Human Islets Transplanted to Nude Mice Human islets, which were not transplanted to nude mice but instead frozen before analysis, exhibited increased basal levels of hsp7O compared with rat islets (Fig. 5) . After exposure to an in vivo environment for 4 (Fig. 5) . The hsp7o levels both in the human and rat islet transplants were lower than those observed in the in vitro cultured islets. However, since we cannot exclude that the islet cell composition and mass was affected by the transplantation procedure, this decrease does not necessarily imply that the hsp7o content was decreased on an islet cell basis. When the same filters were re-exposed to anti-HO antibodies, a completely different pattern was observed. Cultured rat islets expressed high HO levels, which were very much decreased after the 4-week period in vivo (Fig. 5) . Also freshly isolated rat islets expressed low contents of HO, which were increased by in vitro culture (results not shown). The HO contents of human islets were low at both conditions (Fig. 5) . the initial value (Time 0) in human islet cells whereas the decrease was 20-30% in rat and 60-70% in mouse islet cells (Figs. 6A, 7A , and 8A). The free radical scavenger nicotinamide increased the GSH levels in human islets significantly after 30 min (Fig. 8B) . Although the GSHresponse to nicotinamide in rat and mouse islet cells was not significantly different from that of corresponding control cells, there was a trend to higher GSH levels after 30-60 min of nicotinamine exposure (Figs. 6B and 7B) .
The nitric oxide donor sodium nitroprusside induced a significant decrease in GSH at all time points in human islet cells (p < 0.05, Fig. 8B ), and only a nonsignificant trend to lower GSH levels in rodent islet cells (Figs. 6B and 7B ). Nicotinamide protected transiently (30-60 min) against the hydrogen peroxide-and sodium nitroprusside-induced decrease in human islet cell GSH. The activities of catalase and SOD were markedly lower in mouse islets than in rat islets (Table 1) . On the other hand, corresponding activities of human islets were higher than Rat, mouse, and human islets were precultured for 5-8 days in RPMI 1640 containing 11.1 (mouse and rat) or 5.6 mM glucose (human). Groups of 200-300 islets were taken for enzyme activity determination as given in Materials and Methods. Results are given as means ± SEM, with the number of experiments in parentheses. ap < 0.001 and bp < 0.01 when comparing with rat islets using Student's t test.
dark-brown nucleus, which is condensed and sometimes fragmented. Apoptotic cells were often observed centrally in large rat islets (Fig. 9A ), but not in human islets (Fig. 9D) . These accumulations of apoptotic cells probably represent what is usually referred to as "central necrosis" (i.e., death of centrally located cultured islet cells in large islets due to decreased diffusion of oxygen and/or nutrients). In both rat and human islets, no increased rate of apoptosis could be observed after a 2-hr exposure to 0.5, 2.0, or 12 mM streptozotocin compared with control islets (Fig. 9 A, B, D , and E). However, after a 24-hr exposure period at 0.5 mM streptozotocin, a clear increase in the frequency of apoptotic nuclei was observed in rat islets (Fig. 9C) . No rat islets could be recovered after 24 hr at 2.0 and 12 mM streptozotocin (results not shown). There was no apparent increase in apoptosis in human islets exposed for 24 hr to 0.5 and 2.0 mM streptozotocin (Fig. 9F) . It was not possible to recover intact human islets after 24 hr at 12 mM streptozotocin (results not shown).
DISCUSSION
We presently demonstrate that cultured human islets express high levels of hsp7o compared with mouse and rat islets. This may either indicate that human islet cells normally express a high constitutive level of hsp7O, or that human islet cells are more stressed in vitro than rodent islet cells. Since the species-related differences in hsp7o levels persisted after 4 weeks in an in vivo environment, and since the hsp7o expression was not affected by different culture conditions, we consider it unlikely that the increased hsp7O expression was due to harsh isolation and transport procedures of the human islets. Indeed, induction of hsp7o in response to stress is known to be transient (6) , as presently observed in rat and mouse islets following collagenase isolation, and any stress-induced increase of hsp7O in human islets should therefore have subsided after long-term culture or after 4 weeks in vivo. Although the cellular composition of isolated human islets is slightly different from that of mouse and rat islets (54% (3cells in human islets in the present study versus 77% ,3 cells in cultured mouse islets [27] ), this difference would be too small to explain the pronounced increase in hsp7o. Our findings, therefore, suggest that the expression of hsp7o under nonstressed conditions is constitutively higher in human islets than in rodent islets. It is noteworthy that the hsp7O expression was not maximal in human islets, since heat-shock induced a moderate increase in hsp7o. Although differences in the basal levels of hsp7o among other cells have also been reported (28, 29) , the present study is to our knowledge the first to demonstrate species-related differences in the basal expression of hsp7o in primary cells.
A completely different pattern of expression was observed with the stress protein HO. This 32-kD protein was low in human islets, both in vivo and in vitro, whereas rat islets expressed high levels in vitro. The finding that there was no induction of HO in human islets in vitro is further evidence against the idea that culture is severely stressful for these islets. In analogy with hsp7O and its constitutive and cognate form, hsc70, there is one inducible and one constitutive HO gene, denoted HO-1 and HO-2, respectively (30) . Transcription of HO-1 is activated by factors such as heme, heat, UV-light, cytokines, oxidative stress, and heavy metals (30) . In rat panceatic islets, HO is induced by IL-1i(3 and heme (10) . Since IL-113 also induces hsp7o and Mn-SOD in these islets (8, 9, 31) , the same transcription factors may be involved in IL-I, (3- cytokines by the pre-induction of heat-shock proteins (6) . Moreover, intracellular delivery of hsp7o to rat pancreatic islets counteracted IL-1f3-induced inhibition of rat islet function (7) . In view of these findings, it may be suggested that the increased resistance of human islets to certain noxious agents might, at least in part, be due to the increased hsp7o levels. In this context, it is noteworthy that polymorphic analysis of hsp7O-Hom genes revealed an association of an extended MHC-haplotype carrying a rare hsp7O allele with IDDM (32) . HO catalyzes the conversion of heme to biliverdin, iron, and carbon monoxide (30) . Induction of HO during stress is thought to lead to a more efficient disposal of heme released by denatured heme-containing proteins. Biliverdin is then converted to bilirubin, which is an efficient oxygen free radical scavenger (33) . Thus, HO induction might also contribute to the defence against oxygen stress (33) (34) (35) . However, since rat islets in vitro are highly sensitive to the oxygen free radical generator alloxan (2,13), there is no clear correlation between the expression of HO and protection against oxidative stress in rodent pancreatic islets.
Cells rely mainly on two lines of defence against oxidative stress: GSH-dependent and GSH-independent inactivation of oxygen free radicals. GSH is consumed as a substrate in the glutathione peroxidase-catalyzed conversion of hydrogen peroxide to superoxide and in detoxification reactions catalyzed by glutathione transferase (11) . Non-GSH-dependent reactions are catalyzed by catalase and superoxide dismutase leading to the conversion of hydrogen peroxide and superoxide to oxygen and water. By determination of the islet GSH response to hydrogen peroxide, and the activities of catalase and superoxide dismutase, the two lines of defence were presently compared in the islets from the different species. We observed that human islets are less sensitive to oxidative stress than rat islets. This may be ascribed to the higher activity of catalase in human than in rat islets. The finding that mouse islet GSH levels were sharply decreased by hydrogen peroxide and that the activities of catalase and superoxide dismutase were remarkably low, suggests that these islets rely mainly on GSH-dependent antioxidant mechanisms. Rat islets have previously been shown to be more sensitive than mouse and human islets to the oxygen free radical generator alloxan (2) . This may indicate that a high glutathione peroxidase activity of mouse islets fully compensates for the low catalase activity. It should also be pointed out that other factors besides antioxidant enzymes may influence the sensitivity to oxidative stress. For example, it can be envisaged that species-specific differences in the rate of uptake of ,B cell toxins may considerably affect the outcome. However, since the sensitivity of rat islets was higher than human islets to hydrogen peroxide, a toxin which should be equally permeable to all cell membranes, different toxin uptake cannot be the sole factor of importance. Interestingly, it was recently reported that the islet cell activities of antioxidant enzymes are lower in female nonobese diabetic mice (NOD-mice) than in males (36) . The NODmouse represents a genetic model for IDDM, in which females develop diabetes at a much higher rate than males and oxygen free radicals are thought to damage ,B cells (37) , suggesting a causal relationship between the islet cell antioxidative capacity and the development of diabetes.
The nitric oxide generator nitroprusside reduced the islet cell GSH levels less markedly than did hydrogen peroxide. This may indicate that the cellular defence against this free radical does not involve a substantial consumption of GSH and that the higher resistance of human islets against nitric oxide (2) is probably not due to a more efficient GSH-dependent detoxification. On the other hand, it cannot be excluded that sodium nitroprusside generates less free radicals on a molar basis than hydrogen peroxide.
Nicotinamide has been reported to protect against oxidative stress and nitric oxide in rodent islets (38, 39) . Moreover, we have recently observed that this agent induces a partial protection against the deleterious effects of cytokines on human pancreatic islets (40) . In the present experiments, nicotinamide transiently increased, or tended to increase, islet GSH levels in the three species studied. Moreover, the initial decrease in human islet cell GSH in response to hydrogen peroxide and sodium nitroprusside was counteracted by nicotinamide. This is in line with the proposed role of nicotinamide as a weak free radical scavenger (39) . It is not clear why 50 mM of nicotinamide did not exert a more long-lasting protection against 0.2 mM of the free radical generators.
It has been proposed that X3 cells undergo apoptosis, which is also referred to as programmed cell death, both in IDDM and NIDDM (41, 42) . Recently, it was observed that tumorderived 13 cells become apoptotic when exposed to streptozotocin (43) . We have presently ob-served that centrally located islet cells of large rat islets die from apoptosis, and not from necrosis as previously assumed. Moreover, low doses of streptozotocin induced widespread apoptosis in rat islets, but not in human islets. Apoptosis induced by, e.g., DNA damaging drugs (44, 45) , growth factor deprivation (44, 45) , and heat shock (46) can in other cell types be prevented by expression of the bcl-2 gene. The finding that human islet cells do not express bcl-2 implies that the higher resistance of these cell to (3-cell toxins cannot be explained by the activity of this protein.
In conclusion, the present findings support the view that human islet cells constitutively express higher levels of hsp7O and possess a higher antioxidant capacity than rodent islets. These differences may, at least in part, explain the lower sensitivity of human 13 cells to different toxins (2) . These marked interspecies differences suggest that it may be of interest to investigate whether similar differences in hsp7O and antioxidant capacity also exist between diabetes-prone individuals and those who are not predisposed to the disease. If this is the case, it may lead to new markers for predisposition to IDDM.
